Objective-We investigated atheroprotective properties of apolipoprotein (apo) E beyond its ability to lower plasma cholesterol. We hypothesized that apoE reduces atherosclerosis by decreasing lipid accumulation in circulating monocytes and the inflammatory state of monocytes and the vascular endothelium. 
A s a ligand for the receptor-mediated clearance of remnant lipoproteins, apolipoprotein (apo) E is an important modulator of atherosclerosis. 1 The best evidence is provided by the spontaneous hyperlipidemia and atherosclerosis in mice lacking apoE. 2, 3 Beyond its participation in plasma cholesterol lowering, apoE is known to have anti-inflammatory properties. 4 -8 However, because of its ability to reduce plasma cholesterol, investigating mechanisms by which apoE regulates the progression of atherosclerosis in the setting of hyperlipidemia remains challenging. Several approaches that addressed this question succeeded by studying mice expressing low levels of plasma apoE (below the threshold required for plasma cholesterol lowering) derived from macrophages 9, 10 or the adrenal gland. 8 However, unlike many of these murine models, human hyperlipidemia is accompanied by simultaneous accumulation of plasma apoE due to its high affinity for triglyceride-rich lipoproteins. 11 Consequently, mechanisms by which high levels of plasma apoE could serve to reduce atherosclerosis in the setting of hyperlipidemia remain incompletely understood.
To address this issue, we developed mouse models of equal total plasma cholesterol with and without accumulation of plasma apoE. This was achieved by crossing Ldlr Ϫ/Ϫ mice with hypomorphic apoE mice (Apoe h/h ), 12 and Apoe Ϫ/Ϫ mice to derive Apoe h/h Ldlr Ϫ/Ϫ and Apoe Ϫ/Ϫ Ldlr Ϫ/Ϫ mice. We studied these mice to investigate anti-inflammatory properties of apoE on circulating monocytes and the vascular endothelium and its overall effect on atherosclerosis progression.
Previous observations demonstrated that apoE reduced the expression of endothelial adhesion molecules responsible for the recruitment of circulating monocytes to athero-prone regions of the vasculature. 7, 13, 14 In addition, recent evidence suggests that circulating monocytes can be activated by intracellular lipid accumulation prior to their recruitment to athero-prone regions of the vasculature. [15] [16] [17] Whether elevated levels of apoE in hyperlipidemic plasma impact on intracellular lipid levels and thereby the inflammatory state of circulating monocytes remains unknown. Thus, we hypothesized that apoE can reduce lipid accumulation in circulating monocytes and the inflammatory state of monocytes and the vascular endothelium and thereby decrease atherosclerosis progression independently of its ability to lower plasma cholesterol. Results of our study highlight novel properties of apoE on the inflammatory state of monocytes and the endothelium in hyperlipidemic mice.
Methods

Briefly, Ldlr
Ϫ/Ϫ mice on a C57Bl/6J background (Jackson Laboratories, ME) were bred to hypomorphic apoE mice 18 Ldlr Ϫ/Ϫ mice were randomly intercrossed to establish lineages of littermate mice that contained approximately 85% of C57BL/6 and 15% of 129/SvJ genetic backgrounds. The San Francisco Veterans Administration Medical Center committee for animal care and welfare approved all procedures. All procedures including blood and tissue collection, plasma lipid and lipoprotein fractionation/isolation with fast protein liquid chromatography (FPLC), and sequential density ultracentrifugation colorimetric assays used to measure plasma lipid levels, SDS-polyacrylamide gel electrophoresis (SDS-PAGE), Western blot, in vitro cholesterol efflux assay, histological and immunofluorescence quantification of atherosclerotic lesions and blood leukocyte analysis by flow cytometry were either performed as described previously 12, 19, 20 or as described in the online Supplemental Data, available online at http://atvb.ahajournals.org.
Results
ApoE Reduces Atherosclerosis Beyond Lowering Plasma Cholesterol Levels
We previously described the Apoe h/h mouse in which a variant form of murine apoE 19 is expressed at 2% to 5% of normal levels. 20 
Ldlr
Ϫ/Ϫ mice also displayed evidence of necrotic cores containing crystallized cholesterol clefts (black arrows, Figure 1F ). As shown in Figure 1I- 
ApoE Reduces Endothelial Activation in the Setting of Hyperlipidemia
ApoE may contribute to reduce macrophage foam cell accumulation by limiting monocyte recruitment to the vascular wall. Thus, we investigated whether apoE reduces atherosclerosis progression in the setting of hyperlipidemia by reducing the expression of adhesion molecules on the endothelium. To test this hypothesis we measured the expression of vascular cell 
ApoE Reduces Circulating Leukocyte Counts and Monocyte Activation
A lower count or activation of leukocytes and/or monocytes could also reduce monocyte recruitment to atheroma. To determine the effect of apoE on leukocytes, we analyzed with flow cytometry blood leukocyte count in our mouse models. Despite similar total plasma cholesterol, Apoe h/h Ldlr Ϫ/Ϫ mice displayed 30% less blood leukocytes than Apoe Ϫ/Ϫ Ldlr Ϫ/Ϫ mice ( Figure 3A ). This decrease in blood leukocytes arose from reduced numbers of monocytes, granulocytes, and B cell, but not T cells in Apoe h/h Ldlr Ϫ/Ϫ mice ( Figure 3B ). We also investigated potential differences in monocyte subtypes (defined by Ly6C expression; Figure 3C ). Quantification of each monocyte subpopulation revealed 2-fold less Ly6C high monocytes in Apoe Figure 3D ). We next measured the expression of cell surface markers of inflammation on circulating monocytes of both mouse models. CD54, CD49d, and CD11a were present on the cell surface of most monocytes (Ϸ100%) in both groups of mice, whereas CD62L, CD11c, and CD31 were present on less than 30% of all monocytes. In addition, we observed a significant 
ApoE Decreases Lipid Accumulation in Circulating Monocytes
In our mouse models neither a high-fat diet nor a difference in plasma lipid levels could explain the reduced count in total leukocytes and Ly6C high monocytes and reduced surface expression of adhesion molecules on monocytes. Thus we hypothesized that plasma apoE reduces intracellular lipid accumulation. Confocal microscopy and flow cytometry analysis of isolated monocytes revealed less intracellular neutral lipid accumulation in Apoe h/h Ldlr Ϫ/Ϫ monocytes than in Apoe Ϫ/Ϫ Ldlr Ϫ/Ϫ monocytes ( Figure 4A and B). On average, a 16% decrease in neutral lipid accumulation per monocyte was observed in Apoe h/h Ldlr Ϫ/Ϫ mice compared to Apoe Figure 4B ). In addition, 17% fewer monocytes derived from Apoe h/h Ldlr Ϫ/Ϫ mice accumulated detectable levels of neutral lipids ( Figure 4C) . A decrease in neutral lipid accumulation in inflammatory Ly6C high (20%) monocyte subtypes from Apoe h/h Ldlr Ϫ/Ϫ mice was also observed ( Figure 4E ).
To establish a link between neutral lipid accumulation and an increase in inflammatory monocytes, we correlated the level of intracellular lipid to the surface expression of inflammatory markers. No significant correlations were observed between the expression level of Ly6C and intracellular neutral lipid accumulation ( Figure 4F ). In contrast, the surface expression of inflammatory markers such as CD62L, CD54, and CD49d positively correlated with neutral lipid accumulation in circulating monocytes. Increased neutral lipid levels correlated with a 50%, 92%, and 77% increased expression of CD62L, CD54, and CD49d, respectively (Figure 4G) . By comparison, the expression levels of CD11c, CD31, and CD11a, which showed no difference between Apoe h/h Ldlr Ϫ/Ϫ mice and Apoe Ϫ/Ϫ Ldlr Ϫ/Ϫ mice monocytes, did not correlate with intracellular neutral lipid levels. Taken together these results demonstrate that plasma Apoe decreases intracellular neutral lipid levels and thereby reduces the overall inflammatory phenotype of monocytes in Apoe
ApoE Modulates Plasma Lipoprotein Composition
Next, we sought to investigate the potential effects of apoE on plasma lipoprotein composition. We first observed that apoE accumulation in plasma of Apoe h/h Ldlr Ϫ/Ϫ mice modulated 
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the lipoprotein cholesterol profile. The presence of apoE significantly reduced VLDL-cholesterol by 1.4-fold in Apoe h/h Ldlr Ϫ/Ϫ mice ( Figure 5A ). In addition, Western blot analysis of plasma fractionated by FPLC ( Figure 5B ) revealed that in Apoe h/h Ldlr Ϫ/Ϫ mice, apoE associates predominantly with VLDL, IDL, and LDL. In contrast, in the absence of apoE, apoA1 distributed among all lipoproteins classes ( Figure 5B ). To confirm these results, plasma lipoproteins were fractionated by sequential density ultracentrifugation and analyzed for their lipid and protein content. With this method, we found less VLDL-cholesterol (1.6-fold) but more LDL-(1.7-fold) and HDL-cholesterol (2- Table I ). These observations led us to question the potential local influence of apoE on the composition of atheroma. Results of our studies revealed the accumulation of apoE in aortic root lesions of Apoe h/h Ldlr Ϫ/Ϫ mice ( Figure 5C and 5E). ApoE immuno-reactivity was detected within ECs and macrophage cytoplasms but accumulated more prominently along the extracellular matrix surrounding macrophages and near the elastic lamina ( Figure 5E, inset) . ApoA1 also accumulated in lesions of both groups of mice but to a greater extent in lesions of Apoe Ϫ/Ϫ Ldlr Ϫ/Ϫ mice ( Figure 5D and F). More specifically, apoA1 immunoreactivity localized mostly to ECs and extracellular matrix surrounding macrophages (Figure 5D and 5F, insets). Lastly, smooth muscle ␣-actin immunoreactivity was found only in the intimae of Apoe Ϫ/Ϫ Ldlr Ϫ/Ϫ mice, revealing the appearance of fibrous caps in the lesions, indicative of a more advanced lesional stage ( Figure  5C and 5D, insets).
Enhanced Cholesterol Efflux Capacity of ApoA1-Rich HDL
Finally, we compared the composition and cholesterol efflux capacity of plasma HDL isolated from Apoe Ϫ/Ϫ Ldlr Ϫ/Ϫ and Apoe h/h Ldlr Ϫ/Ϫ mice by sequential density ultracentrifugation. Consistent with our findings with FPLC fractionated plasma ( Figure 5B) we observed that the presence of apoE on the VLDL and LDL fractions of Apoe h/h Ldlr Ϫ/Ϫ mice contributed to the redistribution of apoA1 to HDL ( Figure 6A and C). We also observed a 1. 
Discussion
We sought to uncover mechanisms by which apoE can suppress atherosclerosis beyond reducing plasma cholesterol.
To this end, we developed a mouse model in which apoE accumulates in the setting of hyperlipidemia. With this model, we showed that plasma apoE contributes to decrease macrophage content in athero-prone regions of the vasculature by reducing lipid accumulation in circulating monocytes and the inflammatory state of both monocytes and the endothelium. Our findings suggest that apoE reduces lipid accumulation in circulating monocytes in part by raising levels of apoA1-rich HDL in plasma. We generated two mouse models with equal total plasma cholesterol in the presence and absence of plasma apoE accumulation. Thus, these mouse models provided a new way to investigate atheroprotective properties of apoE beyond its ability to lower plasma cholesterol. Interestingly, despite having fourfold more plasma apoE than WT mice, Apoe h/h Ldlr Ϫ/Ϫ mice remained hyperlipidemic when fed a chow diet, suggesting that alternative pathways of remnant lipoprotein clearance were defective in these mice (Supplemental Figure  I) . Previous studies have shown that, in the absence of LDL receptor expression, hepatic production of apoE is required for the clearance of remnant lipoproteins by the LDL receptor-related protein. 21 Thus, the low hepatic expression of apoE in Apoe h/h Ldlr Ϫ/Ϫ mice may explain the decrease in remnant lipoprotein clearance and plasma accumulation of apoE bound to lipoproteins. Nevertheless, as shown in Supplemental Table I and Figure 5 , plasma apoE in Apoe
mice contributed in some way to either increase VLDL clearance or its conversion to LDL cholesterol.
The elevated plasma apoE levels in the setting of hyperlipidemia reduced atherosclerosis in Apoe h/h Ldlr Ϫ/Ϫ mice. One way by which apoE could reduce macrophage foam cell accumulation within atherosclerotic lesions is by limiting monocyte recruitment. Accordingly, we demonstrated that the presence of apoE in hyperlipidemic mice decreased the expression of inflammatory molecules on ECs and monocytes that are known to enhance monocyte recruitment to atheroprone regions of the vasculature. 22 Evidence that apoE suppressed endothelial activation comes from reduced cell surface levels of ICAM-1, JAM-A, and PECAM-1 on the endothelium of the proximal aorta of Apoe h/h Ldlr Ϫ/Ϫ mice. Elevated endothelial expressions of such adhesion molecules are known to be proatherogenic 14, [23] [24] [25] and to mediate the recruitment of monocytes 22 to athero-prone regions of the vasculature including the inner curvature of the aortic arch. 26 To our knowledge, this is the first report documenting a suppressive effect of apoE on the endothelial expression of JAM-A and PECAM-1. Moreover, in the presence of apoE, we found reduced expression of ICAM-1 but unchanged expression of VCAM-1 unlike results of previous studies. 7, 13, 27 In vitro studies have shown that apoE attenuates cytokineinduced expression of adhesion molecules including VCAM-1 and ICAM-1 by stimulating the endothelial production of nitric oxide. 7, 27 More recently, Ma et al showed a robust reduction of VCAM-1 and ICAM-1 gene expression in the whole aorta of hyperlipidemic mice expressing subphysiological levels of plasma apoE. 8 However, because of other cell types present in an intact aortic arch such as macrophages and smooth muscle cells, which also express VCAM-1 and ICAM-1, 28, 29 it is difficult to attribute this decreased expression solely to the endothelium. In fact, it is possible that a decrease in macrophages and smooth muscle cells could have contributed to the overall decrease in VCAM-1 and ICAM-1 expression. Alternatively, in our model, the lack of attenuation of VCAM-1 expression in the endothelium of the aortic arch of Apoe h/h Ldlr Ϫ/Ϫ mice may have been masked or diluted by the high degree of heterogeneity in the expression of VCAM-1 among ECs (Figure 2A) . Accordingly, the analysis of VCAM-1 expression levels on individual ECs of the proximal aorta exposed 2 populations of ECs; 1 with higher and 1 with lower expression levels of VCAM-1. Additionally, this analysis revealed a lower expression level of VCAM-1 among the population of ECs expressing higher levels of VCAM-1 in Apoe h/h Ldlr Ϫ/Ϫ compared to those of Apoe Ϫ/Ϫ Ldlr Ϫ/Ϫ mice (data not shown). Hyperlipidemia and atherosclerosis have been associated with leukocytosis 30 and more recently with the increased recruitment of monocytes to athero-prone regions of the vasculature. 17, 31, 32 Studies also demonstrated that an increase in cell survival and proliferation are responsible for hyperlipidemia-induced leukocytosis and monocytosis. 16, 17, 33 A major finding of our study is that elevated plasma apoE levels contribute to reduce leukocyte counts in hyperlipidemic mice. Moreover, the presence of apoE was associated with a reduction in Ly-6C high inflammatory monocytes known to be recruited to atherosclerotic lesions. 17, 32 Enhanced expression of cell adhesion molecules on circulating monocytes contributes to atherosclerosis progression. 22 Interestingly, we found that elevated apoE levels in hyperlipidemic plasma decreases the cell surface expression of some known inflammatory molecules 17, 34 but not that of others 16 on circulating monocytes. Studies of Swirski et al have previously shown that Ly6C high monocytes consistently express CD62L but not CD11c. 17 Accordingly, we observed that in addition to reducing levels of Ly6C high monocyte levels, apoE also reduced the cell surface expression of CD62L but not that of CD11c in circulating monocytes. We also found that apoE decreases the surface expression of CD49d, a key integrin involved in the arrest and adhesion of monocytes on inflamed endothelium of atherosclerotic lesions. 22, 34 High cell surface expression of CD54, CD11a, and CD31 on monocytes has also been associated with increased cell adhesion and atherosclerosis 22 ; however, in our hyperlipidemic mouse models, apoE solely decreased the expression of CD54. It is unclear why the presence of apoE reduces the expression of only a select set of adhesion molecules. Nevertheless, this observation constitutes a novel athero-protective property by which plasma apoE suppresses atherosclerosis.
A new concept has emerged demonstrating a direct association between cellular lipid loading and the activation of circulating monocytes. [15] [16] [17] 35 Thus, we propose that elevated plasma apoE levels prevent lipid-induced activation of circulating monocytes in hyperlipidemic mice. Evidence for a role of apoE in this process comes from the lower neutral lipid h/h Ldlr Ϫ/Ϫ mice displayed an enhanced ability to promote cellular cholesterol efflux. We also attempted to dissect the direct cellular contribution of apoE from that of its indirect influence on plasma lipoprotein. At first, we assessed the expression level of genes related to cellular lipid metabolism that could potentially be regulated by apoE in isolated macrophages and monocytes (Supplemental Figure  VII) . The effect of endogenous apoE on the expression level of relevant genes was minimal. We also performed cholesterol efflux experiments with peritoneal macrophages isolated from both Apoe h/h Ldlr Ϫ/Ϫ and Apoe Ϫ/Ϫ Ldlr Ϫ/Ϫ mice. Although we cannot rule out the possibility that macrophagederived apoE, even at low expression level, also contributed to enhance cholesterol efflux in Apoe h/h Ldlr Ϫ/Ϫ mice (Supplemental Figure VIII) , our results suggest that the apoA1-rich HDL had a greater impact on total cholesterol efflux. In light of previous reports documenting the importance of apoA1 in HDL-mediated suppression of leukocytosis and monocyte activation, 33, 35 apoA1-rich HDL likely contributed to reduce leukocyte counts and the inflammatory state of monocytes observed in Apoe h/h Ldlr Ϫ/Ϫ mice. Because of the pleiotropic nature of plasma HDL, we cannot rule out the possibility that higher levels of plasma HDL also contributed to reduce atherosclerosis locally in the arterial wall of Apoe h/h Ldlr Ϫ/Ϫ mice by suppressing endothelial activation and foam cell formation. Histological studies of atheromas by confocal microscopy revealed the presence of apoE in intracellular compartments and on the surface of macrophage foam cells. ApoA1 was detected in atheroma of both mouse models. However, as apoA1 resided primarily on HDL in Apoe h/h Ldlr Ϫ/Ϫ mice, lesional apoA1 in atheromas of these mice likely contributed to the efflux of cholesterol from foam cells. In contrast, in Apoe Ϫ/Ϫ Ldlr Ϫ/Ϫ mice, lesional apoA1 resided primarily on proatherogenic apoBcontaining lipoproteins. These particles were likely less effective at promoting cellular cholesterol efflux and thereby reverse cholesterol transport. Another interesting finding relates to reduced presence of fibrous caps and intimal smooth muscle cells in atheromas of Apoe h/h Ldlr Ϫ/Ϫ mice ( Figure 5 ). These results confirm and extend findings of earlier studies that reported a role for apoE in regulating the migration and proliferation of smooth muscle cells. 36 In conclusion, key results of our study highlight apoE's capacity to reduce lipid-induced leukocyte counts and the inflammatory state of both monocytes and the vascular endothelium. We propose that these new roles of apoE derive in part from its ability to increase apoA1-rich HDL in plasma. Such HDL likely contributed to reduce lipid accumulation in monocytes and thereby their inflammatory state. Thus, these results provide new mechanistic insights to explain how apoE participates to reduce atherosclerosis beyond lowering plasma cholesterol levels.
